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Retroviral particles contain two molecules of genomic RNA, which are noncovalently linked near their 5* ends in a region
called the dimer linkage structure (DLS). By using complementary DNA oligonucleotides and deletion mutants to impair
RNA dimerization of the human foamy virus (HFV), three sites, designated SI, SII, and SIII, were found within a 159-nucleotide
RNA fragment of HFV that are involved in dimerization in vitro. SI overlaps the primer-binding site; SII contains the palindromic
sequence, UCCCUAGGGA, the disruption of which impairs dimer formation; and SIII extends into the gag gene. The first
two sites are highly conserved in the other primate foamy viruses, SFV-1, SFV-3, and SFVcpz , whereas the third appears to
be shared only by HFV and SFVcpz . RNA of HFV and SFV-3 could form heterodimers, indicating that both viruses dimerize
by similar mechanisms. On testing thermal stability, dimers of the 159-nucleotide fragment dissociated between 40 and
707, with half of the dimers dissociating at 557. Since the splice donor site of HFV is located at position 51 of viral RNA,
the DLS is part of the genomic RNA exclusively. q 1997 Academic Press
INTRODUCTION Dimerization was originally recognized as a feature of
retroviruses by electron microscopy (Murti et al., 1981).Retroviruses are a family of RNA viruses that replicate
Using synthetic RNA dimers which adopt the same con-via reverse transcription of their genomic RNA into a
formation and which have the same thermal stability asDNA copy which integrates into the host cellular genome.
RNA extracted from virions (Roy et al., 1990; Alford et al.,The viral particles are diploid in that they contain two
1991; Tounekti et al., 1992), in vitro studies confirmed theidentical copies of genomic RNA in parallel orientation,
localization of the DLS to the 5* end of the genomicjoined together noncovalently at their 5* ends by a stable
RNA and have proposed dimerization models involvingstructure called the dimer linkage structure (DLS) (Ben-
polypurine motifs (Marquet et al., 1991). Others describedder and Davidson 1976; Murti et al., 1981). For several
guanine-base tetrades in analogy to telomeric se-retroviruses, among them avian sarcoma and leukosis
quences (Sundquist and Heaphy, 1993; Awang and Sen,virus (Katz et al., 1986; Darlix et al., 1992), Moloney mu-
1993) or autocomplementary sequences and stem–looprine leukemia virus (Mann et al., 1983; Prats et al., 1990),
structures (Skripkin et al., 1994; Feng et al., 1995). For oneand human immunodeficiency virus (HIV) (Darlix et al.,
C-type oncovirus, Harvey sarcoma virus (HaSV), multiple1990; Aldovini and Young, 1990; Marquet et al., 1991) the
regions at the 5* end of viral RNA have been identifiedDLS maps to a domain necessary for dimerization in vitro
that dimerize in vitro (Feng et al., 1995). Notwithstanding,and packaging in vivo. In addition, dimerization of the
the exact mechanism leading to the formation of RNAdiploid genome may be of some importance at several
dimers remains poorly understood. The present studykey stages during virus replication (Laughrea and Jette,
describes experiments to map genomic sequences re-1994): in the encapsidation of genomic RNA, since cis
quired for the dimerization of human foamy virus (HFV)elements such as the DLS and the encapsidation site (E
RNA in vitro.or psi) are both localized in the same region of the ge-
Foamy viruses (spumaviruses) constitute one of sevennome for a number of retroviruses (Darlix et al., 1990,
genera of the family of Retroviruses. In addition to the1992; Prats et al., 1990; Bieth et al., 1990; Katoh et al.,
HFV, isolates from three other primate species have been1993); in reverse transcription through interstrand switch-
completely sequenced, namely SFV-1 from a macaqueing (Panganiban and Fiore, 1988); in genomic recombina-
(Kupiec et al., 1991), SFV-3 from an African green monkeytion (Temin, 1991; Stuhlmann and Berg, 1992); and in
(Renne et al., 1992), and SFVcpz from a chimpanzee (Her-down-regulation of translation (Bieth et al., 1990).
chenro¨der et al., 1994). These sequences indicate a ge-
nomic organization similar to other complex retroviruses1 To whom correspondence should be addressed. Fax: //44/171
725 6645. (Cullen, 1991).
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In view of the lack of evidence for HFV being a to 350, incorporating an SstI site and a 3* primer from
position 950 to 916, which carries a recognition sitehuman pathogen (Schweizer et al., 1995; Ali et al.,
1996), there is increasing interest in exploiting HFV for XhoI and SstI. The PCR-amplified fragment was
cloned into pSPT19 via SstI, to produce pSPT322-950.as a vector for gene delivery (Schmidt and Rethwilm,
1995; Russell and Miller, 1996; Bieniasz et al., 1997). DNA digested with XhoI enabled transcription of viral
sequences from position 322 to 950, while DNA cutTo this end, therefore, and in common with other re-
troviruses (Torrent et al., 1994), identification of the with EcoRV, MboII, and StyI was used to transcribe
sequences up to positions 703, 480, and 402, respec-sequences involved in dimer formation of HFV RNA
might be important. By analogy to other retroviral sys- tively.
To obtain the transcript corresponding to the nega-tems, where the cis elements have been mapped to
the 5*-terminal region of the genomic RNA, we have tive strand of sequences 322 to 703, pSPT322-950 was
cleaved with HindIII, which digests at the 3* end ofinvestigated a fragment encompassing nucleotides 1
to 956 of HFV RNA, synthesized in vitro, for a potential the MCS of the vector. After blunt-ending with Klenow
enzyme, the plasmid was cut with EcoRV at positionDLS. In this report we show that a 159-nucleotide RNA
fragment of HFV is able to dimerize efficiently in vitro. 703 and religated. Transcription was subsequently
carried out using T7 polymerase.By using complementary oligonucleotides and dele-
tion mutants to inhibit the process of dimerization we pHSRV2 derivatives M32 and M43 were generated
by mutating a 2.46-kb KpnI/NsiI fragment excised fromdescribe three sites (SI, SII, and SIII) that are involved
in the dimerization process of this fragment. p5*komb (Rethwilm et al., 1990) and subcloned into
pUC19. This fragment harbors the LTR, leader se-
quences, and part of the gag gene. Linearization withMATERIALS AND METHODS
AvrII, blunt-ending with Klenow enzyme, and ligation
Plasmid construction
with BamHI linker (GGGATCCC) produced the mutant
M32, which was cloned back into pHSRV2 in severalA series of plasmids was constructed using estab-
lished recombinant DNA techniques (Sambrook et al., cloning steps. Mutant M43 was generated by linear-
ization of mutant M32 DNA with BamHI, limited diges-1989) with DNA sequences from HSRV2, an infectious
molecular clone of HFV (Schmidt and Rethwilm, 1995), tion with Bal31 nuclease as described (Erlwein and
Rethwilm, 1993), and religation with BamHI linker. Theor mutants M32 and M43 inserted in these plasmids
as shown in Fig. 1A. The vector pSPT19 (Boehringer mutated KpnI/NsiI fragment was then inserted back
into pHSRV2. Analogous to the construction ofMannheim, Mannheim, Germany) contains the recog-
nition sequences for the RNA polymerases SP6 and pSPT322-950, PCR was used to amplify nucleotides
322 to 950 of mutants M32 and M43, respectively, andT7 on the 5* and 3* side of its multiple cloning site
(MCS), respectively, and thus allows the production of they were cloned via SstI into pSPT19. DNA was di-
gested with MboII to generate mutant RNA up to posi-RNA of plus and minus polarity from the same plasmid.
In these experiments, fragments were cloned so that tion 402.
The source for SFV-3 sequences was plasmid pMSthe SP6 polymerase could be used to synthesize the
plus-strand and the T7 polymerase to synthesize the 02 (Schweizer et al., 1989). Sequences between nucle-
otide 336 and 747 were obtained using primers fromminus-strand RNA. Since the start site of the viral tran-
scription (/1) coincides with the recognition site for position 1 to 21 and 747 to 722 of viral RNA. Again,
the 5* oligonucleotide contained a SstI site, whereasthe restriction enzyme SstI, which also cuts 956 nucle-
otides downstream, the 956-bp SstI fragment of the the 3* oligonucleotide contained the recognition site
for XhoI, next to an SstI site. After PCR and cloninginfectious molecular clone of HFV was cloned into the
SstI site pSPT19, giving rise to plasmid pSPT1-956. into the SstI site of plasmid pSPT19, the DNA was
cut with EcoRI and religated, thus deleting sequencesPlasmid pSPT1-956 was linearized with KpnI, which
digests immediately after the SstI site in the MCS of from the EcoRI site of the MCS of pSPT19 to the inter-
nal EcoRI site at position 336 of SFV-3. The plasmidpSPT19, to transcribe viral sequences from position 1
to 956. For transcription of sequences up to position was digested with XhoI prior to transcription.
347, pSPT1-956 digested with restriction enzyme MunI
was used. The fragment containing nucleotides 704 DNA oligonucleotides
to 956 was obtained by digestion of plasmid pSPT1-
956 with EcoRI in the MCS of the vector, blunt-ending Oligonucleotides used for PCR or cDNA oligonucleo-
tides used for dimer interference studies were purchasedwith Klenow enzyme and religating to the EcoRV site
at position 704, thus deleting positions 1 to 703. Again, HPLC purified from Oswell DNA Service (Edinburgh, UK).
Nonviral sequences are underlined.DNA linearized with KpnI was used for transcription.
RNA corresponding to nucleotides 322 to 950 was Primer sequences for PCR amplification from position
322 to 950 of HFV were:obtained by designing a 5* primer from position 322
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FIG. 1. Mapping of the sequences necessary for HFV RNA dimerization. (A) Representation of the 5* end of DNA of wild-type HFV and mutants
M32 and M43 together with restriction nuclease sites of interest. The relative ability of the corresponding RNAs to dimerize is indicated: /, 20–
40% dimerization; //, 40–70% dimerization; ///, over 70% dimerization; 0, no dimer observed; nt, nucleotides, numbering relative to genomic
RNA cap site (/1). R, repeat; U5, untranslated 5* region; PBS, primer-binding site (position 347–364); gag, gag ORF; SstI, MunI, StyI, MboII, XhoI,
and EcoRV denote recognition sites for the respective restriction enzymes used. BamHI indicates the position of the introduced linker which disrupts
the palindromic sequence. (B) Agarose gel electrophoresis of various HFV RNAs, showing monomer and dimer forms. Lanes 1 and 2, nt 1 to 956;
lanes 3 and 4, nt 1 to 343; lanes 5 and 6, nt 322 to 950; lanes 7 and 8, nt 322 to 703; lane 9 and 10, fragment 322 to 703 (negative strand); lanes
11 and 12, nt 322 to 480. D designates denatured probe by heating to 957 prior to loading, N designates native probe in dimer-promoting buffer.
Numbers on the left correspond to sizes of molecular weight marker RNA.
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5* CATAGAGCTCAATATACAAAATTCCATGACAATT examined by electrophoresis of the RNA on 1 to 1.5%
nondenaturing agarose gels (Sigma, Poole, UK) in the
GGC 3*
presence of ethidium bromide (10 mg/ml) in 11 TAE
3* CTATTTAAATAACCTCAACATACTTCAACTTTGAT buffer (40 mM Tris–HCl, pH 7.8, containing 5 mM Na –
acetate and 1 mM EDTA).GAGCTCGAGATAC 5*.
In vitro dimerization of HFV RNA fragments
Primer sequences for PCR amplification from position
RNA was heated to 957 for 3 min to destroy any dimers1 to 747 of SFV-3 were:
formed during transcription and cooled to 47 for 5 min
and 0.5 to 1.0 mg of the RNA was then incubated in a5* GTACGGGAGCTCACCACTGC 3*
total volume of 10 ml together with 1 ml 101 dimerization
3* GGTATCTTGGGGAACCCCCCGAGCTCGAGAACT 5*. buffer (101 dimerization buffer: 200 mM MgCl2 , 500 mM
NaCl, 100 mM Tris, pH 7.0) at 377 for 1 hr.
Heterodimer experiments were carried out in the samecDNA oligonucleotides used for interference with di-
way except that RNA of HFV and SFV-3 were mixed in amer formation were:
ratio of 1:1 prior to the initial heating to 957.
(1) 5* CCTGCGAGCTCGAGCCCCACGTTGGGCGCC
3* (complementary to positions 368–348), Dimer inhibition by complementary DNA
(2) 5* GACTAGATCTATAATTTACAAATAAACCCGAC oligonucleotides
3* (complementary to positions 396–374),
DNA oligonucleotides were added in a molar concen-(3) 5* GGAGGTCCCTAGGGATAAT 3* (complementary
tration of 10:1 prior to heating the RNA at 957 for 3 min.to positions 410–391),
After addition of dimerization buffer, RNA and oligonucle-(4) 5* ATTGGCTTTTATATGCCTCC 3* (complementary
otides were then incubated at 377 for 1 hr before electro-to positions 440–421),
phoresis in 1.5% agarose.(5) 5* ACTTCCTGAAGCCATTGTCT 3* (complemen-
tary to positions 460–441), and
Thermal stability of RNA
(6) 5* AGTTCATATTCTTCAACATT 3* (complementary
to positions 480–461). RNA was heated to 957 for 3 min, cooled on ice, and
incubated for 1 hr at 377 in 11 dimerization buffer. The
PCR amplification of DNA sample was then dialyzed for 40 min against buffer con-
taining 50 mM NaCl, 10 mM Tris, pH 7.0, at 257 using
DNA (0.1 mg) of each plasmid was incubated with 0.05
0.025-mm V6 dialysis filter (Millipore, London, UK). Ali-
nmol of oligonucleotide primer. PCR was carried out in
quots of RNA were heated at 40, 50, 55, 60, and 707 for
the presence of 75 mM Tris–HCl, pH 9.0, 20 mM
10 min before electrophoretic analysis on a 1.5% agarose
(NH4)2SO4 , 0.01% (w/v) Tween-20, and 2.5 mM MgCl2 , gel. Gel bands were photographed and the proportion
using 2.5 U Taq polymerase (Advanced Biotechnologies,
of RNA in monomers and dimers was assessed by the
Ltd., Leatherhead, UK) for 38 cycles (each cycle was 30
densitometry program Quantiscan (Biosoft).
sec at 957, 30 sec at 507, and 60 sec at 727). Fragments
were purified from 1% agarose gels, digested with SstI,
RESULTS
and again eluted from the agarose before cloning into
plasmid pSPT19. Mapping of dimerization sequences
A 956-bp DNA fragment between two SstI sites of HFVRNA synthesis
was cloned into the SstI site of the transcription vector
pSPT19, giving pSPT1-956. Vector sequences betweenPlasmid DNA was linearized by restriction enzyme di-
gestion (New England BioLabs, Hitchin, UK), extracted the SP6 promotor and the SstI site used for cloning (in
case of plus-RNA transcripts), as well as the sequenceswith phenol/chloroform, and ethanol precipitated. Tran-
scription was carried out for 2 hr at 377 with 10 units SP6 between the T7 promotor and the SstI site (minus-RNA
transcripts) do not promote dimer formation, since sev-polymerase or T7 RNA polymerase in the presence of
RNAsin (all enzymes from Boehringer Mannheim) ac- eral RNAs, although containing these sequences,
showed clear absence of any dimer (not shown). Tran-cording to the manufacturer’s instruction. The template
DNA was then removed by digestion with DNase (Boeh- scription was carried out in vitro from DNA linearized
in the MCS of the vector. The resulting RNA moleculeringer Mannheim) for 20 min and the RNA extracted with
phenol/chloroform, pH 4.5, and ethanol precipitated. RNA represents the sequence from position 1 to 956 of the
genomic RNA and encompasses the complete R and U5was resuspended in nuclease-free water (Promega,
Southampton, UK) and purified through a Sephadex G- region of the LTR, the primer-binding site (PBS) for the
tRNAlys1,2 , and the first 611 bases of the gag gene (Fig.25 column (Boehringer Mannheim). Dimer formation was
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TABLE 1 was clear impairment by some (Fig. 2A). For example,
oligonucleotide 3, which covered the palindromic se-cDNA Oligonucleotides Used for Inhibition of Dimerization
quence, alone reduced the ability of nucleotides 322 to
No. Sequence nt 480 to form dimers (lane 6, compared with lanes 1 and
2, showing monomer and dimer, respectively). If oligonu-
1 5* CCTGCGAGCTCGAGCCCCACGTTGGGCGCC 3* 368–348 cleotides 1, 2, and 3 were added in combination, no
2 5* GACTAGATCTATAATTTACAAATAAACCCGAC 3* 396–374
dimer formation was observed (lane 3). The same combi-3 5* GGAGGTCCCTAGGGATAAT 3* 410–391
nation also blocked dimerization of the longer RNA mole-4 5* ATTGGCTTTTATATGCCTCC 3* 440–421
5 5* ACTTCCTGAAGCCATTGTCT 3* 460–441 cule from position 322 to 703 (not shown), indicating that
6 5* AGTTCATATTCTTCAACATT 3* 480–461 no other sequences capable of overriding the effect of
oligonucleotides 1 and 3 are located between position
Note. The sequences of the six cDNA oligonucleotides are shown,
480 and 703. Complete inhibition of dimer formation ofalong with positions to which they are complementary. Nonviral se-
nucleotides 322 to 480 and 322 to 703 could alsoquences are underlined. nt, nucleotides.
achieved by oligonucleotides 1 and 3 alone, indicating
that essential sites of the DLS were masked by these
1A). These sequences were chosen because by analogy two oligonucleotides (lane 5). Although oligonucleotide
to other retroviruses the 5* region is known to be im- 2, which partly overlaps with oligonucleotide 3, showed
portant for RNA dimerization. Both plus- and minus- some inhibitory effect, it was not able to completely block
strand RNA weakly form dimers (only shown for plus- dimerization, when added in combination either with 1
strand RNA, Fig. 1B, lanes 1 and 2). Nucleotides 1 to 347 or 3 (lanes 4 and 7 and data not shown), indicating that
failed to dimerize (lanes 3 and 4), as did nucleotides 704 the site masked by this oligonucleotide plays no essen-
to 956 (not shown). Nucleotides 322 to 950 (lanes 5 and tial role in the dimerization process. Oligonucleotides 5
6) readily formed dimers, as did RNA molecules spanning and 6 exhibited already some effect when tested alone
nucleotide 322 to 703 (lanes 7 and 8). However, the mi- (only shown for oligonucleotide 5, lane 8), whereas oligo-
nus-strand RNA molecules of this region also formed nucleotide 4 failed to interfere (lane 9). When tested in
dimers to a limited extent (lanes 9 and 10). By comparison combination with other oligonucleotides, 5 behaved very
with nucleotides 322 to 703 increased dimer formation similar to 1, in that combination of 3 and 5 also resulted
was found using nucleotides 322 to 480, and with which in a block of dimerization, whereas combination of oligo-
only dimers and even trimers could be detected (lanes nucleotides 1 and 5 did not. In contrast, combination of
11 and 12). In contrast, when nucleotides 322 to 402 oligonucleotide 6 with other oligonucleotides failed to
were tested (these include only part of the palindromic abolish dimerization (data not shown). These results indi-
sequence UCCCUAGGGA, present at positions 396 to cate that three sites, designated SI, SII, and SIII, im-
405), dimer formation was reduced (data not shown), portant for dimerization, lie between positions 348 and
indicating that sequences involved in dimerization had 368 (SI), between 391 and 410 (SII), and between 441 and
been affected. Our results, therefore, suggest that the 460 (SIII). Since its blocking is necessary for complete
region from position 348 to 480 of the RNA includes inhibition, SII is crucial for dimerization, while SI and SIII
important sequences for HFV dimerization. The fact that appear to exert auxiliary effects.
the smaller fragment (nucleotides 322 to 480) showed
better dimerization properties compared with the larger A palindromic sequence in SII is important for
fragments that included nucleotides 322 to 703 or 1 to efficient dimerization
956 might be explained by the relative weakness of the
forces involved in dimer formation, smaller molecules Given the impairment of dimer formation of nucleotides
being held together more easily in vitro. 322 to 480 by oligonucleotide 3, which masks a sequence
encompassing the palindrome UCCCUAGGGA, we in-
vestigated the dimerization behavior of two mutated se-Inhibition of dimerization
quences that affected the palindrome. The mutant M32
carried a BamHI linker (GGGATCCC) in the Klenow-To define further the sequences involved in dimeriza-
tion of the fragment extending from position 322 to 480, treated AvrII site (CCTAGG, also being a recognition site
for StyI) within the palindrome. This resulted in RNA withwe designed six cDNA oligonucleotides (1 to 6), which
were complementary to sequences in this region of the an extended palindromic sequence UCCCUAGGGGA-
UCCCCUAGGGA (the original recognition site for AvrII,plus-strand RNA. It was reasoned that masking of se-
quences involved in the dimerization process by these or StyI, is underlined). The mutant M43 had an internal
deletion from position 398 to 408 replaced by the BamHIcDNA oligonucleotides should impair or even abolish
dimer formation. The cDNA oligonucleotides are shown linker, which disrupted the original palindrome. The two
mutant RNAs shared similar properties. Comparing theirin Table 1. When tested alone, none of the oligonucleo-
tides inhibited dimerization completely, although there dimerization behavior with wild-type RNA (Fig. 2B, lanes
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FIG. 2. Impairment of dimer formation. (A) Inhibition of dimer formation of HFV RNA by complementary DNA (cDNA) oligonucleotides. RNA
corresponding to nt 322 to 480 was incubated with the respective oligonucleotides (Table 1) and dimer formation was determined on a 1.5% agarose
gel. Binding of the cDNA oligonucleotides to their sequences affects migration of the RNA, which might explain the shift of monomer and dimer
bands seen in the respective lanes compared to monomer and dimer band of RNA alone. Lane 1, monomer; lane 2, dimer; lane 3, addition of
oligonucleotides 1, 2, and 3 together; lane 4, addition of oligonucleotides 2 and 3; lane 5, addition of oligonucleotides 1 and 3; lane 6, addition of
oligonucleotide 3; lane 7, addition of oligonucleotide 2; lane 8, addition of oligonucleotide 5; lane 9, addition of oligonucleotide 4. O denotes free
oligonucleotides. (B) Mutation of the palindromic sequence in element II. RNAs of wild-type HFV nt 322 to 480 (lane 1 to 4) and mutant M32 (insertion
of BamHI linker at position 402, lanes 5 to 9) are shown. Lane 1, HFV monomer; lane 2, HFV, dimer and trimer; lane 3, HFV plus oligonucleotides
1 and 3; lane 4, HFV plus oligonucleotide 1; lane 5, M32 monomer; lane 6, M32 dimer; lane 7, M32 plus oligonucleotides 1 and 3; lane 8, M32 plus
oligonucleotide 3; lane 9, M32 plus oligonucleotide 1. m, monomer; d, dimer; O, free oligonucleotide.
1 to 4), both were able to form dimers to some extent, To do this, we mixed RNA derived from position 322 to
480 of HFV and from position 336 to 747 of SFV-3. Thealthough not completely (data shown only for M32, lane
6). It is, therefore, the specific sequence of this palin- RNA molecules could readily be distinguished on the
basis of their size difference (Fig. 3). Although the frag-drome which is important for dimerization, since ex-
tention of the palindrome (mutant M32) impaired dimer ment of SFV-3 (lanes 4 and 5) dimerized only partially
under the conditions used for HFV (lanes 1 and 2), aformation. We incubated the fragment extending from
nucleotides 322 to 480 of mutant M32 with oligonucleo- band additional to the monomeric and dimeric bands of
HFV and SFV-3, corresponding to a heterodimer, wastides 1 and 3. As expected, oligonucleotide 3 exhibited
no additional inhibitory effect on the dimerization of mu- clearly visible (lane 3). Comparison of the published se-
quences of SFV-1, SFV-3, and SFVcpz (Kupiec et al., 1991;tant M32 RNA (since its target site was changed through
the introduction of the BamHI linker), whereas oligonu- Renne et al., 1992; Herchenro¨der et al., 1994) showed
that the PBS and the palindrome are part of two sitescleotide 1 blocked dimerization on its own (lanes 7, 8,
and 9). Similar results were obtained, when mutant M32 that are well conserved in these viruses. It, therefore,
seems likely that these sequences are also involved inRNA was incubated with oligonucleotide 5 (not shown).
These data confirm the results showing that SI, SII, and the formation of the heterodimers. This finding, however,
does not rule out the possibility that additional strain-SIII (masked by oligonucleotides 1, 3, and 5, respec-
tively), constitute the primary sites involved in the dimer- specific viral sequences exert additional effects in the
dimerization event.ization process of HFV RNA.
RNAs of HFV and SFV-3 form heterodimers Thermal stability of the DLS of HFV
We did not attempt to isolate RNA from virions, sinceTo determine whether the area that conferred HFV
dimer formation might constitute at least part of a com- HFV is highly cell associated and the yield of viral particles
in the supernatant of infected cells tends to be low. How-mon DLS used by foamy viruses, we tested its ability to
form heterodimers with RNA derived from SFV-3, a foamy ever, in preliminary experiments, we tested the thermal
stability of the dimers formed by nucleotides 322 to 480,virus originally isolated from an African green monkey.
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masking of SI/SIII alone still enabled dimer formation.
The palindrome UCCCUAGGGA, present in SII at posi-
tion 396 to 405 of the viral RNA, was shown to be im-
portant for the dimerization process: RNA molecules with
mutations that either deleted part of this sequence (posi-
tions 322 to 402 and mutant M43) or altered it by introduc-
tion of additional bases (mutant M32) affected dimer for-
mation. The presence of a palindrome in SII might also
explain the observation of dimer formation of minus-
strand RNAs tested. The DLS of HFV also seems to con-
stitute a DLS common to other foamy viruses, since for-
mation of heterodimers of RNA of HFV and SFV-3 could
be observed. Our results raise the possibility that the DLS
of foamy viruses is composed of common and specific
elements. However, the contribution of each of these
sites to the formation of heterodimers remains to be fur-
ther investigated.
The mechanism of dimerization for retroviruses is still
not well understood. For viruses like HIV and HaSV, palin-
dromic sequences and stem–loop structures (Skripkin
et al., 1994; Paillart et al., 1994; Feng et al., 1995) or
FIG. 3. Heterodimer formation between HFV and SFV-3. RNA corre- polypurine motifs and quartets of guanines (Marquet et
sponding to nucleotides 322 to 408 of HFV or 336 to 747 of SFV-3 were al., 1991; Sundquist and Heaphy, 1993) have been impli-
tested either alone or mixed together before being analyzed on a 1.5%
cated in the dimerization process. In a computer modelagarose gel. Lane 1, HFV, monomer; lane 2, HFV, dimer; lane 3, HFV/
of the secondary structure of HFV RNA, no obvious stem –SFV-3 mixed; lane 4, SFV-3, dimer; lane 5, SFV-3, monomer. m1, mono-
mer HFV; d1, dimer HFV; m2 monomer SFV-3; d2, dimer SFV-3; hd12, loop structure as proposed for HaSV (Feng et al., 1995)
heterodimer HFV/SFV-3. could be detected for nucleotides 322 to 480. There is
in site I, however, a quartet of guanine bases, located at
position 360 to 363, within the PBS, which extends from
since it has been reported that, in general, synthetic RNA
position 347 to 364. Oligonucleotide 1, which masks this
fragments exhibit similar properties of genomic RNA iso-
region, decreases dimer formation and one might, there-
lated from virions (Roy et al., 1990; Alford et al., 1991;
fore, speculate that these guanine bases contribute to
Tounekti et al., 1992). Dimerization was still complete at
the dimerization process. A purine-rich motif, GGGAGG,
407. However, dissociation could be seen at 507, about half
resembling a purine consensus sequence PuGGAPuA
of the dimers had dissociated at 557, and only monomers
(Pu, purine) and present in dimer-forming sequences of
remained at 707 (data not shown), perhaps indicating that other retroviruses (Marquet et al., 1991), can be found at
the two sites have different thermal stabilities, with one positions 420 to 425 of HFV RNA. This motif, however,
dissociating at 557, the other dissociating at 707. does not seem to play any role in dimerization, since
oligonucleotide 4, which almost completely masks this
DISCUSSION motif, has no inhibitory effect.
In the case of HFV, the splice donor site has beenThe DLSs of retroviruses have been linked with pro-
mapped to position 51 of the viral RNA (Muranyi and Flu¨gel,cesses such as encapsidation, packaging, reverse tran-
1991). Since no dimers could be observed for RNA frag-scription, and effective translation (Panganiban and Fi-
ments up to position 347, the DLS lies downstream of theore, 1988; Darlix et al., 1990; Bieth et al., 1990). Our study
splice donor and is part of the genomic RNA of HFV only.has investigated the DLS of HFV, showing that it is com-
However, further experiments are needed to elucidate theposed of three sites, SI (348 to 368), SII (391 to 410), and
role of the DLS in the life cycle of HFV and to define itsSIII (441 to 460). This is similar to the situation in HaSV,
relation to sequences involved in the packaging process.where multiple regions have been described that can
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